Background. The limited availability of donor organs has led to a search for alternatives to liver transplantation to restore liver function and bridge patients to transplantation. We have shown that the proliferation of late gestation (embryonic day 19) fetal rat hepatocytes is mitogen-independent and that mechanisms regulating mRNA translation, cell cycle progression, and gene expression differ from those of adult rat hepatocytes. In the present study, we investigated whether E19 fetal hepatocytes can engraft and repopulate an injured adult liver. Methods. Fetal hepatocytes were isolated using a monoclonal antibody against a hepatic surface protein, leucine amino peptidase (LAP). LAP+ and LAP− fractions were analyzed by immunofluorescence and microarray. Immunopurified E19 liver cells from DPPIV+ rats were transplanted via splenic injection into partial hepatectomized DPPIV− rats that had been pretreated with mitomycin C. Results. More than a third of LAP+ fetal hepatocytes expressed ductal markers. Transcriptomic analysis revealed that these dual-expressing cells represent a population of less well-differentiated hepatocytes. Upon transplantation, LAP+ late gestation fetal hepatocytes formed hepatic, endothelial, and ductal colonies within 1 month. By 10 months, colonies derived from LAP+ cells increased so that up to 35% of the liver was repopulated by donor-derived cells. Conclusions. Late gestation fetal hepatocytes, despite being far along in the differentiation process, possess the capacity for extensive liver repopulation. This is likely related to the unexpected presence of a significant proportion of hepatocyte marker-positive cells maintaining a less well-differentiated phenotype.
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(Transplantation 2017;101: 2349-2359) C hronic liver disease is currently the 12th leading cause of death in the United States. 1 Liver transplantation is the only effective therapeutic option for patients with end-stage liver disease. The severe shortage of donor organs results in high morbidity and mortality with several thousand waitlisted patient deaths per year. 2 This has led to the search for novel therapies to restore liver function and bridge patients until a donor liver becomes available. Hepatic cell transplantation is an alternative strategy to generate new liver parenchyma. 3, 4 However, the successful, widespread application of this therapy will require a better understanding of the characteristics that make a particular cell type optimal for this use, and development of strategies to promote engraftment, expansion, and long-term survival of the transplanted cells.
Rodent transplantation models have been established as one of the most definitive methods to assess the ability of cells to restore injured parenchyma 5, 6 The majority of studies have focused on fetal liver stem/progenitor cells isolated from developing rats on embryonic days (ED) 12 to 14, a time in liver development before commitment to the hepatic or ductal lineage. 7, 8 These cells have been shown to repopulate adult liver through the process of cell competition. 9 Previous studies in our laboratory have shown that late gestation fetal hepatocytes isolated on ED19 (term, ED21) are highly proliferative and relatively well-differentiated along a hepatic lineage, expressing albumin, glycolytic enzymes, and other indicators of mature hepatocyte function. [10] [11] [12] We have also shown that growth factor signaling pathways involving ERK1/2 and PI3K/Akt are uncoupled in late gestation fetal liver. 13, 14 In addition, fetal hepatocyte proliferation is resistant to rapamycin, the cognate inhibitor of the mTOR pathway. 15, 16 This signaling phenotype is in sharp contrast to that of adult hepatocytes and is a result of differences in gene expression, cell cycle control, and regulation of protein translation. [17] [18] [19] We hypothesized that the mitogen independence ED19 fetal hepatocytes would provide them with a selective growth advantage and the ability to engraft and repopulate an injured adult liver.
In the present study, we have tested this hypothesis by isolating ED19 fetal hepatocytes using a monoclonal antibody against a hepatic surface protein, leucine amino peptidase (LAP), and assessing their repopulating ability using the dipeptidyl peptidase IV (DPPIV)/mitomycin C model. 20, 21 Phenotypic characterization of the LAP+ fetal hepatocytes revealed that more than a third expressed ductal markers. Our studies demonstrated the ability of these fetal cells to engraft, proliferate, and repopulate injured adult liver, suggesting that the fetal hepatocyte signaling phenotype is maintained after transplantation and that these cells may serve as a good model for understanding the factors necessary for optimal cell transplantation.
MATERIALS AND METHODS

Animals
Timed-pregnant and 5-to 6-week-old male American DPPIV+ F344 rats were obtained from Charles River Laboratories (Wilmington, MA). Host German F344 rats (5-6 weeks of age) that express an inactive form of DPPIV (DPPIV−) were obtained from our breeding colony maintained at Rhode Island Hospital. All animals were housed under standard conditions with access to food and water ad libitum. Adult rodents were euthanized by exsanguination under isoflurane anesthesia. All animal studies were performed in accordance within the guidelines of the National Institutes of Health and the Rhode Island Hospital Institutional Animal Care and Use Committee.
Cell Isolation
Adult hepatocytes were isolated from DPPIV+ rats by 2-step collagenase digestion as previously described. 22 E19 fetal DPPIV+ liver cells were isolated by collagenase digestion. 23 The first 6 pups from each litter were used to avoid the effects of stress. E19 fetal hepatocytes were isolated as previously described 24 using a monoclonal antibody against LAP, a hepatic cell surface marker, in combination with micromagnetic beads. Labeled cells were sorted using an autoMACS separator with the autoMacs double positive selection in sensitive mode program. In a second selection strategy, antibodies against the ductal cell surface marker OC.2 and the hepatic marker LAP were used to isolate subpopulations of fetal hepatocytes. Briefly, E19 fetal liver cells were incubated with anti-OC.2 followed by incubation in anti-mouse IgM microbeads. The resulting autoMacs sorted OC.2− and OC.2+ fractions were incubated with anti-LAP followed by incubation in anti-mouse IgG microbeads. This selection resulted in the LAP+/OC.2−, LAP+/OC.2+ and LAP−/OC.2− fractions used for subsequent analysis. Viability of the cell isolates was determined by Trypan Blue dye exclusion. Purity of the cell fractions was verified by immunofluorescent staining of acetone-fixed cytospins.
Immunofluorescent Staining
Indirect immunofluorescence (IIF) was performed for each antigen on multiple acetone fixed cryosections ( 21 was used to identify transplanted fetal cells. Dual IIF was performed by sequential incubation in the first primary antibody and an Alexafluorconjugated Ig secondary antibody (Thermo Fisher Scientific) followed by the second primary antibody and incubation in the appropriate Alexafluor-conjugated secondary antibody. Omission of the primary antibody was used as a negative control. As an additional control condition, the order of the primary antibodies was reversed to account for interference between the 2 antibodies. LAP+ cells were quantified from three 20Â fields per slide.
Hepatocyte Transplantation and Liver Repopulation
Host DPPIV− rats were administered 2 mg/kg mitomycin C by splenic injection as previously described. 20 One week after mitomycin C injection, DPPIV− hosts were subjected to two thirds partial hepatectomy (PH). Immediately after PH, 5 Â 10 6 DPPIV+ mock-purified total, LAP+ or LAP− fetal liver isolates were transplanted via splenic injection. 24 To acquire an adequate number of fetal cells for transplantation, liver cells harvested from male and female fetuses derived from 5 to 8 dams were pooled before immunopurification. Host animals were euthanized 1 or 10 months after transplantation. For the 10 month timepoint, 2 independent transplantation experiments were performed. Liver repopulation was determined by enzyme histochemistry for DPPIV on acetone-fixed cryosections as previously described. 28 Slides were scanned using the Aperio ScanScope system (Aperio Technologies, Inc., Vista, CA). NIH Image J software was used to calculate total section area and the area occupied by DPPIV+ colonies. Image analysis was performed as described in the Materials and Methods, SDC, http://links.lww.com/TP/B472. All sections were analyzed in a blinded fashion.
Gene Expression Analysis
Total RNA was isolated from frozen cell pellets using the Mirvana Kit (Thermo Fisher Scientific) per the manufacturer's instructions and analyzed using Affymetrix Rat Gene ST 1.0 arrays (Affymetrix, Santa Clara, CA). Microarray data are accessible through GEO Series accession number GSE97897. Principal component analysis (PCA) was performed in R as described. 29 Identification of differentially expressed genes using a false discovery rate (FDR) less than 0.05 30 was performed with Partek Genomic Suite version 6.6 (Partek, St. Louis, MO). Volcano plots used the adjusted P value from pairwise analysis of variance (ANOVA) results and fold-change in gene expression. Ingenuity pathway analysis (IPA) (Qiagen, www. qiagen.com/ingenuity) was performed as previously described. 19 Input for IPA was significant genes (FDR < 0.05) with a fold-change greater or equal to ±3. IPA categories were considered significant when the P value was below the P values obtained from 5 similarly sized sets of randomly selected genes with a fold-change in expression of 1.2 or less.
Statistics
Statistical analyses were performed in GraphPad Prism (San Diego, CA). For comparison of the percentage of LAP+ cells, results were analyzed by 1-way ANOVA with a post hoc Tukey test. A Student t test was used to compare the repopulating ability of LAP+ cells versus total liver isolate.
RESULTS
Isolation and Phenotypic Characterization of Late Gestation Fetal Hepatocytes
Hepatocytes from DPPIV+ ED19 fetal liver cell isolates were immunopurified using a monoclonal antibody for the hepatic maker LAP in combination with micromagnetic bead sorting. When we analyzed triplicate isolates enriched for LAP by immunofluorescence ( Figure 1A ), 94% ± 2.5% of the cells showed reactivity with the LAP antibody used for selection. On average, 8% of the cells in the unbound LAP− fraction were positive. The purity of the LAP isolation is highly reproducible with similar results obtained in more than 25 experiments performed between 2014 and 2017. To further investigate the phenotype of the LAP+ and LAP− fractions, we carried out dual immunofluorescence for additional hepatic and ductal markers. The clear majority of cells in the LAP+ fraction was positive for the hepatocyte markers albumin and H4 ( Figure 1B ). On average, about 50% of the LAP+ fetal hepatocytes also expressed 2 ductal markers, OC.2 and BD.2 ( Figure 1B ). There was variability between cell preparations from different litters where the percent of dual positive cells ranged from 27% to 67%. In contrast, very few cells (<2%) in the LAP− fraction were positive for albumin ( Figure 1C ). However, a subset of these cells expressed the ductal marker OC.2 ( Figure 1C ).
Isolation of Subpopulations of Late Gestation Fetal Hepatocytes
To further characterize the 2 subpopulations of LAP+ fetal hepatocytes, we immunopurified ED19 liver cells using a monoclonal antibody against OC.2 followed by selection with anti-LAP. Immunofluorescent analysis for LAP and OC.2 revealed the LAP+/OC.2+ fraction to be highly enriched in cells expressing both LAP and OC.2, whereas OC.2+ cells were only rarely seen in the LAP+/OC.2− fraction (Figure 2A) . The LAP−/OC.2− fraction was depleted of cells positive for either marker. We hypothesized that the LAP+ cells coexpressing ductal markers would represent a less mature population of fetal liver cells. To test this hypothesis, we performed immunofluorescence for albumin as an indicator of differentiation status in the 3 subpopulations of fetal liver cells ( Figure 2B ). A few LAP+/OC.2+ cells expressed albumin while the majority of LAP+/OC.2− cells were intensely stained. As expected, the LAP−/OC.2− fraction was negative for albumin.
Gene Expression Profiling of Subpopulations of Late Gestation Fetal Hepatocytes Compared With Adult Hepatocytes
To further characterize the differences in the LAP+/OC.2− and LAP+/OC.2+ cells, we profiled global gene expression using Affymetrix microarrays. RNA was extracted from the 2 populations of freshly isolated fetal cells and from adult hepatocytes. PCA was performed to assess the degree of similarity between the 3 samples ( Figure 3A ). This analysis revealed differences between all 3 groups. The LAP+/OC.2+ and LAP+/OC.2− fetal cells were segregated from each other to a degree similar to their separation from adult hepatocytes.
We constructed volcano plots using ANOVA to identify genes that were significantly different in pairwise comparisons. These volcano plots ( Figure 3B ) showed that the LAP +/OC.2− fetal cells differed from adult hepatocytes to a lesser degree than LAP+/OC.2+ fetal cells. This difference was accounted for by both fewer significant genes and a lesser fold-difference of both upregulated and downregulated genes. A comparison of the LAP+/OC.2− and LAP+/OC.2+ fetal cells showed far fewer significant genes and smaller fold-differences than the comparisons with adult hepatocytes. These results led us to hypothesize that the LAP+/OC.2− fetal cells exhibited a greater degree of functional hepatic differentiation than the LAP+/OC.2+ cells. We further hypothesized that the LAP+/ OC.2+ cells may represent a residual bipotential cell population that had yet to commit to a hepatic or ductal lineage.
To test these hypotheses, we performed pathway analysis using IPA. The input for this analysis consisted of significant genes (FDR ≤ 0.05) with a fold-difference between paired groups of 3 or greater ( Table S1 , SDC, http://links.lww. com/TP/B472). A comparison of the 2 fetal groups with adult hepatocytes (Table 1, Table S2 , SDC, http://links.lww.com/ TP/B472) revealed upregulation of IPA canonical pathways associated with lipid metabolism, xenobiotic metabolism, plasma protein secretion, and bile secretion in adult hepatocytes. The genes accounting for the identification of these pathways were mainly aldehyde dehydrogenases, fatty acid binding proteins, cytochrome p450 enzymes, transporters, and complement factors. There were no additional pathways identified in the adult versus LAP+/ OC.2− comparison. However, additional IPA results related to amino acid metabolism and other functions of differentiated hepatocytes were upregulated in the adult compared with LAP+/OC.2+ cells.
Most canonical pathways identified as upregulated in the adult versus fetal cells were also upregulated in the LAP+/ OC.2− compared with the LAP+/OC.2+ fetal hepatocytes (Table 1 ). The genes accounting for the pathways were also similar to those identified in the adult-fetal comparison with the exception of lipid metabolism. In the fetal comparison, differences in the expression of apolipoproteins and the enzymes and regulators of lipid metabolism accounted for identification of the pathway.
Whereas upregulated pathways were identified in comparisons of adult hepatocytes to either fetal cell fraction, pathways downregulated in the adult cells were only identified in the comparison with LAP+/OC.2+ fetal cells. These downregulated pathways were, in general, related to cell proliferation and were accounted for by cell cycle proteins and synthetic enzymes. Heme synthesis was also identified as being downregulated in the LAP+/OC.2− compared with the LAP+/OC.2+ fetal cells. We interpreted the IPA pathway results as consistent with the conclusion that the LAP+/OC.2− fetal cell population bears greater similarity to adult hepatocytes than the LAP+/OC.2+ population, consistent with the latter representing a less well-differentiated, bipotential cell population.
The IPA results for upstream regulators mirrored the results for canonical pathways. Transcriptional regulators (Figure 4 , Table S2 , SDC, http://links.lww.com/TP/B472) with wellknown roles in the expression of liver-specific genes (HNF1A, HNF4a), phase I and II enzymes (NR1I3, NR1I2, RORA, RXR) and lipid metabolism (PPARA, PPARG, and PPARGC1A) 31, 32 were identified in the analysis of genes that were upregulated in the adult hepatocytes versus LAP+/OC.2− ( Figure 4A ) and LAP+/OC.2+ ( Figure 4B ) comparisons. The transcriptional regulators identified for genes downregulated in adult hepatocytes versus either We used gene set enrichment analysis (GSEA) as a complementary approach to characterizing the transcriptome in the 3 cell populations. Through examination of relative enrichment for sets of genes using all genes detected on the microarray, GSEA is well suited to detect numerous small differences in gene expression. 33 Results ( Figure 5 , Table S3 , SDC, http://links.lww.com/TP/B472) reinforced the findings obtained using IPA. Using a stringent cutoff for significance (FDR ≤ 0.001), there were far fewer Kyoto Encyclopedia of Genes and Genomes gene sets enriched in adult hepatocytes compared with LAP+/OC.2− relative to the adult hepatocyte versus LAP+/OC.2+ fetal hepatocyte comparison ( Figures 5A  and B) . The genes sets, enriched in adult cells compared to either fetal sample, largely reflected differences in cytochrome p450 enzymes, fatty acid metabolism, steroid biosynthesis and bile acid biosynthesis. Additional genes sets, enriched in the adult versus LAP+/OC.2+, related to amino acid synthesis and intermediary metabolism. Gene sets reflecting cellular growth and proliferation were enriched in the 2 fetal cell fractions compared with adult hepatocytes. Results from the comparison of the 2 fetal hepatocyte samples showed enrichment of the sets related to functional differentiation and metabolism in the LAP+/OC.2− cells while sets related to growth and proliferation were enriched in the LAP+/ OC.2+ cells.
Analysis for transcription factor targets ( Table S3, The proliferative and differentiation potential of late gestation LAP+ fetal hepatocytes was further investigated using the mitomycin C DPPIV transplant model. 20 DPPIV− adult rats were administered mitomycin C to inhibit adult hepatocyte proliferation. Hosts underwent two thirds partial hepatectomy immediately before transplanting DPPIV+ total fetal liver isolates and immunopurified LAP+ and LAP− cell isolates via splenic injection. Liver repopulation was assessed by DPPIVenzyme histochemistry (Figure 6 ). At 1 month after transplantation, the LAP+ cells had formed numerous, small DPPIV+ colonies throughout the liver parenchyma ( Figure 6A ). Colony morphology indicated that the LAP+ fetal hepatocytes formed both hepatic and endothelial colonies. Rare, small DPPIV+ ductal colonies were also observed ( Figure 6C , upper panel). In contrast, transplantation of equal numbers of unfractionated fetal liver cells or LAP− cells did not result in repopulation of the liver parenchyma. The rare colonies formed by these 2 cell populations displayed endothelial morphology.
To assess the long-term repopulating potential of LAP+ fetal hepatocytes, we maintained adult hosts for 10 months after transplantation ( Figure 6B ). Repopulation accounted for up to 35% of the liver surface area, with LAP+ fetal hepatocytes forming large hepatic and endothelial colonies that were indistinguishable from the surrounding host parenchyma. Mixed colonies consisting of donor-derived hepatocytes and endothelial cells were frequently observed. The number of well-organized DPPIV+ ductal structures increased substantially at 10 months compared with 1 month posttransplant ( Figure 6C , bottom panel).
Immunofluorescent analysis was performed to determine the degree of functional differentiation of the cells within the colonies derived from LAP+ cells (Figure 7) . The hepatic colonies showed canalicular localization of LAP and staining for H4 and CYP2E1 similar to that of the surrounding host hepatocytes. The DPPIV+ hepatocytes did not display positive staining for the ductal marker OC.2. Double IIF labeling showed that the DPPIV+ endothelial colonies were strongly positive for the pan-endothelial marker RECA-1 and the sinusoidal endothelial marker SE-1. Depending on the area examined, the donor-derived cells completely or partially lined the sinusoids of the host liver. The DPPIV+ ductal structures displayed strong reactivity with CK-19 and OC.2 and were negative for hepatic markers. These structures were found both adjacent to donor-derived hepatic colonies and within the host parenchyma.
DISCUSSION
Cellular transplantation as an alternative to whole liver transplantation has great potential as a clinical therapy. However, the lack of understanding of the mechanisms involved in cell expansion, maintenance of differentiated function, and survival have hindered the clinical application of this therapeutic strategy. Our studies on the mechanisms involved in fetal liver development indicate that the signaling pathways involved in the regulation of cell proliferation, growth, and function differ from those active in adult hepatocytes. 11 More specifically, late gestation fetal hepatocyte proliferation is FIGURE 6 . Liver repopulation by DPPIV+ E19 fetal LAP+ cells at 1 and 10 months after transplantation into DPPIV− adult hosts. DPPIV+ cells derived from male and female fetuses pooled from 5 to 8 litters were incubated with LAP or mock purified and sorted on an AutoMacs cell separator. Mock purified total cell isolates (unfractionated), LAP+ and LAP− fractions were transplanted via splenic injection into partial hepatectomized DPPIV− adult hosts that were pretreated with mitomycin C. Histochemistry for DPPIV enzyme activity was performed on acetone fixed cryosections prepared from liver 1 month (A) or 10 months (B) after transplantation. Images were acquired at 4Â (top panels, Scale bar = 1 mm.) and 20Â (bottom panels, Scale bar = 100 μm.). Repopulation was determined using a minimum of 5 sections from 5 different areas/lobes of each rat liver. DPPIV− hosts from 2 independent experiments were analyzed at 10 months posttransplant. Data are graphed as individual animals with the mean for each cell transplantation group shown as a horizontal line. *P < 0.05, LAP+ vs Unfrac. independent of key mitogenic signaling pathways, including mTOR and Erk. 15, 34 This unique signaling phenotype led us to hypothesize that late gestation fetal hepatocytes would have a selective growth advantage upon transplantation to the adult liver.
For the present study, we isolated ED19 fetal hepatocytes using a monocloncal antibody against the hepatic cell surface marker LAP. Phenotyping revealed that a third of these cells express both ductal and hepatic markers. Bipotential hepatoblasts that form the liver bud express both hepatic and cholangiocyte markers. 7 The proportion of bipotential cells is thought to dramatically decrease at E16 as the cells become unipotent and commit to either a hepatic or cholangiocyte lineage. 7, 8, 35 The continued expression of hepatic and ductal markers by a significant proportion of E19 hepatocytes suggest that these cells may retain bipotentiality. To determine whether the dual expressing cells represented a population with a distinct cellular phenotype, we profiled the transcriptome.
PCA showed that the 2 fetal cell fractions clustered separately from each other, indicating that the LAP+/OC.2− and LAP+/OC.2+ fractions represent 2 distinct cell populations. IPA showed upregulation of pathways and transcription factors related to functional maturation in adult hepatocytes compared with the 2 fetal cell populations. 36 This was accounted for by differences in the expression of cytochrome p450 enzymes and other phase I/II enzymes that are induced during liver development. 37, 38 Further analysis of the 2 fetal cell populations compared with adult hepatocytes revealed many fewer changes in the LAP+/ OC.2− cells. LAP+/OC.2+ cells were less well differentiated in terms of the expression of genes involved in amino acid metabolism, fatty acid oxidation, and synthesis of plasma proteins. Direct comparison of the 2 fetal populations showed increased expression of genes related to functional differentiation in the LAP+/OC.2− cells, whereas genes involved in cellular proliferation were increased in the dual positive cells. In contrast to prior studies, our data suggest that not all hepatoblasts undergo a definitive switch in gene expression at E16. Instead, a third of the cells appear to be relatively less mature while maintaining expression of both hepatic and ductal cells markers. This heterogeneity in cell types has not been addressed in past studies profiling the transcriptional changes that occur during liver development as whole liver was used for analysis. 8, 38 Transplantation of immunopurified LAP+ ED19 hepatocytes resulted in repopulation of up to 35% of mitomycin C-treated host liver by 10 months posttransplant. Transplanted fetal cells formed hepatic, ductal, and endothelial colonies. The presence of dual staining bipotential liver cells in the LAP+ population may be responsible for the ability of the fetal cells to form both ductal and hepatic colonies. This conclusion is consistent with the findings of Simper-Ronan et al., 39 who reported that immunopurified late gestation ED18/19 cholangiocytes expressing OC.2 were capable of liver repopulation forming both hepatic and ductal colonies. However, fully mature adult hepatocytes have been shown to dedifferentiate into cholangiocyte-like cells and express ductal markers. 40, 41 Thus, we cannot exclude the possibility that the LAP+/OC.2− cells are also capable of differentiating along a ductal lineage. One limitation of our current study is that we were not able to directly determine whether the different LAP+ subpopulations vary in their ability to repopulate. The dual antibody immunopurification process we used to isolate the LAP+/ OC.2− and LAP+/OC.2+ cell populations resulted in a significant decrease in cell survival after transplantation, precluding interpretation of transplantation results. We were also unable to directly test the bipotentiality of the LAP+/ OC.2+ fetal cells because the fetal hepatocyte signaling phenotype is not maintained when fetal liver cells are cultured under our standard conditions. 15, 42 Most previous liver cell transplantation studies have used ED12-ED14 fetal hepatic stem/progenitor cells. These cells have the ability to extensively repopulate injured and normal adult liver. 9, 43, 44 The present observation that late gestation fetal hepatocytes, despite their being far along in the differentiation process, possess a similar capacity for repopulation was unexpected. This is likely related to the presence of a significant proportion of hepatocyte marker-positive cells maintaining a less well-differentiated phenotype. We hypothesize that late gestation liver contains a bipotential cell population with an epigenotype that allows the cells to sustain their proliferative phenotype over many months. Characterization of the epigenome of these cells may yield important information regarding the cellular mechanisms that can support engraftment and sustained cellular expansion. It is our hope that this information, in combination with studies on the response of these cells to the adult liver microenvironment, will assist in the identification of an ideal cell population for use in clinical transplantation.
